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Summary Sheet
The Kariba Dam, especially in recent years, has been considered as very vulnerable and requiring lots of maintenance.
The once biggest dam in Africa has to go through the heavy decision of its future: whether to replace it by smaller dams or
being repaired and rebuilt. If new dams were to be built, the amount of dams and their location become another issue to be
decided. Plus, what strategies of regulating water flow should be used to replace or even improve the effectiveness of the
Kariba Dam is another problem raised, because the newly constructed dams should completely take up the Kariba Dam’s
responsibility that has been left off. While maintaining total safety from severe drought and flooding, the cost of construction
should be minimized to obtain maximum interest.
Our model presented in this paper generally deals with these problems and concerns very effectively, with elasticity
for extreme situations and accuracy for minimal adjustments. We considered the problem of balance between safety and cost
into two sections, by first keeping minimum safety assured, and then consider the interest from either minimizing the number
of dams that need to be constructed or locate the constructions at specific points to generate interest from by-products such as
irrigation or city water supply when regulating the flow. Identifying the essential problem as a dynamic programming
problem in early stages, our model specifically and explicitly clarifies the desired target function to minimize while building
many sub-models to support our calculations from many aspects, including weather forecast, investigation in dam
mechanism, dam group equivalent transformation, and examples ranging from both extremities to test the elasticity of our
model. At last, after carefully determining the locations for securing the flooding condition, while maximizing other benefits
from hydropower plants and irrigation, 7 locations are selected across four socially beneficial projects, 5 of which using
double Dam Groups according to each of their needs, resulting in 12 dams in total.
One of the most innovative breakthroughs done by this model is in its successive investigation upon dam mechanism,
especially single dam mechanism. Seemingly an easy topic, the mechanism of dams is not a widely researched field in the
past. Our model generated its own unique differential equations from Bernoulli Equation strictly accurate to solve for the total
time taken, volume flow rate, relative height decay, simply by controlling the open area of the sluice and measuring the initial
height difference. In other words, the results in this sub-model allow one to control every aspect of output from a dam (e.g.
volume flow rate, water velocity) precisely from a one-time adjustment of the opening area of the sluice. This is a
revolutionary achievement because it generates a very useful result that could be widely utilized in the field in any occasion,
since there are rarely any requirements for the function to be accurate. It also sets out the foundation for any future
developments in the field because it is so essential in understanding dams.
Another outstanding discovery in this model is the equivalence in function between different numbers and sizes of
dams. From both quantitatively (numerically) and qualitatively (graphically) perspective discuss the mechanism of Dam
Groups, our model applies Euler’s Algorithm to estimate an unsolvable differential equation system and keeps the result in a
reasonably accurate range for application. This part of the model also uses the time and speed of water release in dam groups
to evaluate the efficiency of the dam, and hence developing a transferring function for Functions of Dam Groups to be
compared with equivalent Single Dams with certain size of open sluice area with similar function.
The weather forecast system by time series is also quite remarkable, especially in the choice of window and the
perception of certain phenomena in this process relating to phase shifts. The decision to apply this method is more than
appropriate because of the random feature of weather and the underlying periodical trend, in which both questions could be
answered by the use of Moving Average Method in Time Series. The evaluation of accuracy of prediction from Time Series is
also very high, which means it is an efficient method to put into use when planning a dam opening scheme.
Recognizing that all of the previous sub-models are contributing to - though that far not what they only do - the
dynamic programming model in some way, the elasticity and accuracy of this problem is guaranteed with the examples at
extremities dealt perfectly by the dynamic programming algorithm and its recursive formula application. By using sensitivity
analysis on the basic single-dam problem with respect to total time, open sluice area, and initial depth difference, the
importance of these factors are evaluated and by choosing one of each dependent and independent variable, the result shows
that the scheme of opening sluice could have a greater effect on the total time, and eventually flow rate, which gives the
model again a positive influence in its use.
Overall, our model is capable of directly, elastically, and comprehensively decide and evaluate the dam construction
and using strategy related issues, reliably addresses the topic with full consideration of multiple aspects. The vast calculation
and collection of data might be a potential obstruction, but they could be immediately overcome with the help of more
powerful computer programs.
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Requirement 1: Assessment Report
The current situation of the previously-magnificent Kariba Dam is no longer quite
optimistic anymore. As it has already been used for over 50 years, the continuous flow had
caused severe potential problems to the Dam, gradually weaken its capacity in restoring water
and generate power. This is reflected in the fact that the electricity in Zimbabwe, where the
Dam used to generate power for, could no longer acquire sufficient electricity for its citizens’
daily life. Besides, according to a recent report concerning the dam itself, the amount of water
Kariba Dam now possesses is only 12% of its storage. Comparing with its 18% storage of
water in the past decades, it is clear that Kariba Dam is facing a harsh situation.
The option of repairing the existing Kariba Dam may be useful in a short range of time,
but the dam would still drop back to its current stage gradually with the passage of time. The
major problem with the dam is that its spillways, which was designed to be far away from
getting in touch with the dam basement, had eroded its concrete cover and penetrated all
along towards the basis of the dam, causing severe threat to the enhancement of the dam. The
stretching point of the enlarged spillway has already reached 90 meters below ground surface,
approaching the depth of the basement which was designed to be 97 meters. Once if Kariba
Dam collapsed, the effect it would cause could be compared with tsunami, according to a
report conducted by Institution of Risk Management in South Africa. Due to its
comparatively high position, once if it fails to hold back the water flows which runs out of
Lake Kariba, with an approximately flow rate of 1400 cubic meter per second, not only the
mainstream of Zambezi River would be highly affected, the adjoining river flow, such as
Lake Kafue, would also be dragged away from its intrinsic situation. This would cause great
chaos in affected area, with severe consequences such as abrupt large quantity of flood,
causing great damage to both nature sources and inhabitants. Basically, if the problem of
spillway erosion has not been solved effectively, the tragic ending of the dam would never be
changed. The only matter is with the time lapse. So in general, this option is not a plan with
high efficiency and long-lasting feature.
The second option has provided another angle in solving the case—rebuilding the
existing Kariba Dam, using approximately 8-10 years’ time. This also appears to be less
useful, as the impact it created for the general situation is still not good enough. The
modification in this way seems having dealt with the major problem, but it is just a
superficial adjustment. Even if the Dam itself has been rebuilt, its position in generating
power as well as moderating run-in and run-out river flow rate still remains stable, as there is
no other facility settled along the Zambezi River to help share its burden. Besides, the general
cost of this program is beyond $300 million. Using such large amount of money only receive
modest repayment, this option really need to be reconsidered carefully once if it is going to
be put in use.
The best solution in these three options is the third one—removing the Kariba Dam and
replacing it with a series of ten to twenty smaller dams along the Zambezi River. Not only
will this method redistribute the burden for generating pleasing outcome for inhabitants’
usage as for Kariba Dam, but would add several other possible outcome different with the
previous categories as well. For example, as we have listed in the article, despite its common
use as electricity-generator and water restore station, small dams alongside the river could
also put in use in irrigation in agriculture, provide enough water supplies to cities, or even
create a magnificent scenery spot so as to inspire local tourism and bring extra income for
local government. As those small dams don’t have to be really big, with a volume of
approximately 100 thousand cubic meters, the general cost could be quite similar as the cost
in building a single dam. But the general outcome and potential developments could be
beyond imagination.
So in general, choosing to build several small dams instead of maintain the existing
Kariba Dam is a better option.
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I. Introduction and Problem Restatement
The once-magnificent Kariba Dam has reached a harsh state on its development. No longer
being in the adequate place for increasingly demand in generating electricity to meet
inhabitants’ needs, a solution is required to free Kariba Dam from this awkward place. In this
problem, not only have we considered to put Kariba Dam in its right place by gradually
letting other several small dams to partake its energy-generating burden, but we also
concerned to make good use of precious natural resources alongside the Zambezi River
simultaneously. We started our design with an aim of using dynamic programming method,
since we consider this problem to be restrained by a great deal of variables, which made this
method the most practical and efficient way to be adopted. We started to analyze the relative
changes of variables in the case of a single dam, using Bernoulli Equations to inspire our
differential equations, and recursively acquired the situations of multiple combining-dams.
During this process, we also adopted Euler’s estimation to analyze our sub-model 2 both
qualitatively and quantitatively. Meanwhile, by gradually using the equations we deduced to
decide where to put and how to those dams, we have pleasingly designed various functions
for those selected dam. After generalizing other affective elements, such as rainfall and
seasonal temperature shifts, we used time series to find the proper cycle of natural
environment state in Zambezi River flow area, and finally acquired enough restrained
conditions for the dynamic program. The result of stability and capacity analyzing of our
model both resulted in great outcome. Besides, due to the variance of chosen plot and
diversified usage of each Dam Group, our model is also quite appealing in its elasticity, as it
could be adopted according to different demands of local government.
II. Variables Assigned
H1=the height between river bank and upstream.
H2=the height between river bank and downstream.
A1=the general space coverage of river bank between the former dam and the considered one.
A2=the general space coverage of river bank between the considered dam and the following
one.
H1,2=the height difference of two sides of the considered dam (H=H1-H2). Especially, H0=the
initial height difference.
V=Volume of flow (in a period of time).
V1,2=The volume of flow flown from Dam1 to Dam2.
fi=the external flow rate at segment i
dV
F=Volume flow rate, F=
= A1v1=Sv2.
dt
I=amount of water stored at the segment/compartment
S=area of the sluice.
T=the time lapse calculating from opening the sluice till the height of both sides has arrived
at the same level.
=density of river water
III. Assumptions
1. Dams are built along flat ground. Justification: The average river bottom slope is only 0.07,
as was shown in the diagram provided by the Zambezi River Authority. Thus, places with
plain ground could always be discovered along the restrained area.
2. The settlement of sluices of each dam should always be placed below water level and near
the bottom of the dam. Justification: Although technically sluices can be placed anywhere as
long as parts of it obtain a position of under water level, it is more efficient in functioning
when it is placed near the bottom of the dam. By doing this, the range of acquiring level for
each section alongside the river could be enlarged.
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3. Run off efficiency is not taken into account. Justification: 0.07 is too small a run off
efficiency for the region
4. The thickness of the dam itself is not taken into account. Justification: a very small factor
in comparison to a long river, which if taken would only complicate the computation.
IV. Construction of Model
1. Overview of Methodology

2. Sub-Model 1: A Single Dam
In the case provided, the Kariba Dam is being replaced by multiple smaller dams,
whose combined effect needs to be evaluated to ensure safety and lower cost at the same time.
Therefore, it is very important to start with a single dam's effect on river flows and then begin
composition of multiple dams.
In the single dam model, there is a dam that processes a fixed amount of water, just
like Kariba Dam with Kariba Lake. For the sake of discussion, the dam is assumed to take the
shape of a rectangle as shown in the following graph, and according to the assumptions the
width of the dam is neglected.
According to Bernoulli Equation and our settled variables, we can deduce the
relations between v1, v2, and H in the following way:
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For a small water section on the height of H1:
1
v12 + gh1+p1=c .
2
For a small water section along the sluice:
1
v 2 2 + gh2+p2=c .
2
Based on the real situation, as the first section we considered is on top of the water
where water pressure can be neglected, h1=0. The pressure difference in two sides of the
sluice is ρg(H2-H1), from which we can deduce that h2=H2 H1. Besides, as the atmospheric
pressure is the same in the area, p1=p2. Depend on this, we can simplify the former formula:
1
1
v12 + gH1，2 =
v 2 2 (*)
2
2
Considering the formula F=A1v1=Sv2, we can further simplify the equation:

F
A1

2

2 g ( H 1 H 2)

F
S

2

From which we can solve:
2

2 g ( H 1 H 2)
dV
……………………………(1)
1
1
dt
S 2 A12
As F2≥0, we define H1≥H2.This is in accordance with real situations, which the river
flow would arrive at a stable state when height difference is eliminated.
On the other hand, considering A1 and S, we can compute the relation between the
variations of H and V:
V
V
……………………………………(2)
H
A1
S
Combine (1) and (2), we can get a differential equation about H:
F2

1
1
A1
From which we can solve:

dH
1 dt
A2

A1S

2 gH
A12 S 2

A1 A2
2g
S
t C
2
A2
A1 S 2
When t=0, C can be solved. The formula above could be rewritten as:
2 H

A1 A2
2g
S
t 2 H0
2
A2
A1 S 2
Assessing the acquired function
:
2 H
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H
Decrease
Decrease

Explanation
The longer the time lasts, the close the height of two sides would reach.
The larger the sluice is, the more quantity of water would pass to the
other side in a unit of time, which leads to the decrease of △H
A1 increase Increase
The bigger the base area of the left plain is, the slower the left height
decreases, which leads to the increase of △H.
A2 increase Increase
The bigger the base area of the right plain is, the slower the right height
increases, which leads to the increase of △H.
The assessment has demonstrated that the formula is highly practicable in realsituations.
Further analyze equation (1) and (2):
Differentiate (1):
dV d 2V
dt dt 2

2g
dH
2g
1
1
1 dt
1
1
A1
2
2
2
2
S
A1
S
A1
Simplify and integrate equation (3):
dV
g
1
1
F
t C1
1
1
dt
A1 A2
S 2 A12
Using Bernoulli’s Equation in analyzing the moment of t=0:
2

2

dV
…………(3)
dt

2

1 F
1 F
gH 0
2 A1
2 S
By doing this, F can be measured as:

, C1=F (t=0)

2 gH 0
1
1
1
1
2
2
2
S
A1
S
A12
As in real situation, the total volume change could be integrated by F, and the general
time lapse is the time when water from two sides reached the same level, these two variables
could be solved as:
H (T ) 0
g

F

T

V

T
0

F dt

F

1
A1

1
A2

1
A2

t

2 H0
2g
1
A1S
2
2
A1 S
A1
1
g
1
2 1
2
S
A12

1
A1

1
A2
1
A2

T2

2 gH 0
T
1
1
S 2 A12

3. Sub-Model 2: Multiple Dams and Dam Groups
As it is asked in the question to replace one dam with multiple dams, which provides
us with the possibility of using Dam Groups to deal with this problem. In this paper, the
phrase Dam Group refers to the Dams that are closely located and function together to
generate greater capability in both the range and accuracy of the control in water flow. In this
sub-model, we would investigating the mechanism of Dam Groups and hence deduce the
extent of applicability of Dam Groups in this
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problem.

This is a diagram illustrating a typical Double Dam system. The two dams are close to
affect the volume flow rate ( F ) and time needed ( T ) together, and we would apply a similar
method to analyze the effect of the double dam system.
In this case, there are two dams dividing the segment of the river into three compartments,
and because of the decreasing depth of water, the water would tend to flow towards the right,
resulting in a complicated system with changing depths in all three compartments. The
changing depths and their differences would result in different rate of flow through the two
sluices, changing the depths again, giving a comprehensive system of correlation. The
following deductions are to find out exactly is the correlation between the area of sluices, the
length of time opened, and the final situation of water distribution.
Starting again from the Bernoulli Equation for both dams, aiming for a differential
equation, we could conclude the following group of equations:
(using (*))
Using the replacement

and

which then simplifies to

Plus, we do know that there is a relationship between
and
, because of the relationship between volume and height, which is:

,
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The transfer of volumes of water to and from the middle, as well as the transfer of
water from the compartment on the left, affects relative depth of water while because of this
relative depth of water. Therefore, a group of differential equations could be established to
describe this relationship, in this case by substituting
by a linear combination
of
(generating a group of two-variable differential equations).

To simplify the problem of analyzing this set of differential equations, let's assign
simpler variables to coefficients for the sake of discussion (
):

Then, the differential equations take a clearer form of,

Though being almost unsolvable, these equations could still be analyzed by looking at
the nature of the trend/movement of the point
on the Cartesian Plane over time.

The figure above graphically represent the tendency of the variable
The two lines on the plane consist the set of points where one of the two in

.
is

zero (deduced from setting RHS to zero). The two lines divide the plane into 5 sections
(including cases on the line), and the points in each section would have a certain direction of
pattern and ending position for each of the situations (A,B,C,D,E) in the plane.
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Sign for

sign for

Direction

Ending Position

crossing over , then between
the two lines to origin
B
0
−
down
between the two lines to origin
C
−
−
down-left
between the two lines to origin
D
−
0
left
between the two lines to origin
crossing over , then between
E
−
+
up-left
the two lines to origin
As we can see from the graph or the diagram, wherever the point starts (any
combination of depths of water), its terminal is always the origin, which makes perfect sense
because this assures that the system, in no matter how long the time, could balance out the
water depths and hence keep the difference in depths zero (what origin in the diagram stand
for).
The only way currently to look at the actual function
from solving
differential equation groups like this is by the estimation method invented by Euler, called the
Euler Method. This method is by gradually changing
by listing a table of data for
every unit time and plot it on the graph to do the estimation of the actual graph indefinitely
closely. It is always used for groups of differential equations that take the form of (e.g.
Lanchester-Type Models of Warfare):
A

+

−

down-right

which matches our need.
Applying this method in a case generated by Excel Function, with the depth of water
being 8m,7m, and 1m respectively, we are able to look at how different sizes of the sluice in
both dams would affect T (total time taken) and F (flow rate). This is the graph generated by
successive calculation in Excel:

Through this method this model is able to still generate a graph of depth difference
versus time, from which we could clearly see the time needed to balance the water by flows,
and hence determine (with volume formula derived as follows:
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V = A3 (

A1 H1,2

( A1

A2 ) H 2,3

)
A1 A2 A3
) the volume flow rate. With the time needed to balance out the different water depths, we
make an comparison with some single dam that performs this approximately the same length
of time. As the volume transferred shall also be the same because the two situations (1 dam/2
dams) have the same starting (8m,7m, and 1m) and ending (uniform depth) point, they should
have the same capability. Thinking down road， this model is able to generate a correlation
between two identically opened Dams forming a Dam Group and a single dam. By
experimenting to collect data for equivalent dams (or groups), Excel is used to find the
specific correlation between the two by regression methods. The residual analysis gave a R2
value of 0.9706, far beyond 0.8 which is usually the boundary of good quality regression.

This model enables us to use an equivalent single dam to replace double dam groups,
and eventually all dam groups. This is particularly useful when the double dam situation is
very complicated, where the corresponding single dam could be replaced for an estimated
calculation.
This function also teaches us about how the combination of double dams could generate a
much more powerful dam system than single dam due to the nature of exponential functions
(eventually get much bigger). In other words, the double dam could reach a higher maximum
releasing rate. This might be a little counter intuitive, but this is actually due to the special
nature of double dam and how pressure below water is only related to depth but not total
amount.
To explain this scenario, we can think of a dam as a charger. When there is only one
dam, the electricity in it simply goes into the rest of the water, without generating any other
by products, which means that the dam would just release water slower and slower, causing
long durations in releasing water. However, when there are two dams, one dam's releasing of
water elevates the middle section's height by a lot, resulting in much greater flow rate
towards the last section. It is like each of the chargers charges each other as a bonus, and
hence increases the efficiency.
As a conclusion, this is what the further end of this correspondence function teaches
us. What does the near end teaches us, then? The answer is that the use of double dam could
also increase the accuracy or preciseness of control. Let's say the accuracy level of single dam
is around 0.1 s (in terms of ending time). However if 0.1 unit is changed for one of the two
dams (both 1 originally), the accuracy level increases to 0.03 s.
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The double dam system's biggest benefit is that it naturally slows down the volume
flow rate in a highly accurate manner while having the capability to reach for high rates as
well. The following is a diagram illustrating how the double dam system in comparison to
single dam could naturally slow down the release speed with les steep gradient (orange line is
double dam, green line single dam, data based on Euler's Estimation).

4. Sub-Model 3: Single Dam with Disturbance
This model, upon the foundation of Sub-Model 1, adds the factor of external effect on
the system, incorporating the continuous volume flow rate into the left and the outward flow
rate from the right into consideration. As a matter of fact, the effect of rainfall and other
extractions from the river such as irrigation plays an essential role in analyzing a river
system's impoundage, whose effect on the volume flow rate of the dam could be reflected in
this model. At the very least, even when these changes are minimal, the inflow of river from
upstream and outflow into downstream are something that should always be kept in mind.
Therefore, it is very important to analyze based on the previous models the effect of factors
outside of the dam (single or multiple) system per se.

This diagram indicates the situation of external disturbance in a single dam system
(multiple dam could be transformed by graph observation or the exponential function in SubModel 2). There is an inflow of and an outflow of in the system. In comparison to the
analysis done in Sub-Model 1, the new system alters when trying to transform
.
Here is the new deduction process:
Applying (*) again to the system:
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1
1
v12 + gH1，2 =
v 2 2 (*)
2
2

F
A1

2

2 gH1,2

F
S

2

2

2 g ( H 1 H 2)
dV
………........……………………(1')
1
1
dt
S 2 A12
Here comes the difference. The original Sub-Model 1 uses the formula without
disturbance, which is
V
V
………...............………......…………(2)
H
A1
S
However, with disturbance, the equation becomes:
F2

Plugging into (1'), we could found out that the new terms do not allow us to solve it
the way we used to, so we took another approach by differentiating each side with respect to
time:

d 2V dV
dt 2 dt

=1g1
S2

(

A12

1
A1

1 dV
)
A2 dt

1 dV1
A1 dt

1 dV
A2 dt

dV
from both sides and then take the integral:
dt
1
1
2
1 1
1 dV1
1 dV2
S
A12 d 2V
dt
(
)dt
dt
dt
2
g
dt
A1 A2
A1 dV
A2 dV

Taking away

1
S2

1
A12
g

F

(

1
A1

1
)t
A2

1 f1
t
A1 F

1 f2
t
A2 F

The deduction results in a recursive relation of different volume flow rate of different
segment of the river, which is going to serve big use in the recursive step of dynamic
programming.
5. Sub-Model 4: Time Series and Cycles
Another crucial part of the problem is the dam system's treatment about the cycles of
water flow over the year, and the important part of this treatment is not only how elastic the
model is at dealing with the extremities, but what's even more effective is how the model is
able to predict future trend of the cycle and make precautions accordingly. Therefore, the
prediction of cycles is really important in the fully answering of the problem.
Time Series, as a popularly used method for prediction and data processing, is also
quite useful in our scenario. Time Series is usually applied when there is an underlying
periodic trend to be discovered, or when there are many random fluctuations needing to be
moderated. While recognizing that our scenario have both of these issues to be treated, Time
Series has the ability to eliminate the fluctuation and unpredictability of weather, and to
discover periodic trend described in the question as the "cycle".
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In our model, Time Series is used for various occasions, including variables such as
Rainfall, Temperature, Inflow, and Agricultural Demand. As an example for this paper, this
section would mainly discuss our achievement on the data processing of rainfall.
This Sub-Model uses the Moving Average method belonging to the Time Series,
mainly because it is practical while relatively efficient in prediction accuracy. The Moving
Average method, as its name suggests, process data by taking averages through a shifting
window. The following is the formula for data processing through this method,

where
is the original sequence and
is the resulting sequence, N is called the size of the
window.
By taking the average, the data would be able to get rid of its fluctuation, while the
periodic trend would be enhanced unless the size of window and the period are in phase. In
the case of this problem, after obtaining data from the internet about rainfalls in the , Kariba
Sub-basin, such a process is went through to process the data, and the effect is outstanding in
comparison to other window selections:
E.g. Selected Window: 12

E.g. Selected Window: 15

As clearly indicated in the diagram, when N=12, the cycle is in phase with the
window size which means that only the random fluctuation is left because of the
counteraction. However, when the window size is 15, the data shows perfect periodic
property. Taking a look at the peaks (or crests) of the period, the difference between these
peaks are usually 12 months. Therefore, it is justified to claim that the cycle for rainfall is 12
months.
What about the prediction within each and every month? Well, a second-ordered
regression of polynomial is made to fit the data, and the result is also quite well fitted, as the
residual analysis shows that the R squared value reaches 0.97.
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Within the cycle, by using previous data, the prediction for the future month's rainfall
is fairly accurate. The instant difference in actual value and predicted value is usually less
than 1 mm/month (in this case, 0.7mm/month) with percentage uncertain lower than 1 %
(0.7% in this case). By prediction like this, the ZRA would be able to plan the strategy
thoroughly with consideration of future flooding or drought to make precautions.
6. Sub-Model 5: Dynamic Programming with Examples
a. Site selection & Dam settlement
Based on an analysis assessing current situation in area of Zambezi River
Basin, we can acquire several important node points in aspects of water consumption:

We can summarize these node points above into 4 categories: Controlling
stream flow, Generating electricity, Irrigation and Supplying city’s water usage.
Number
9
10
11
12
13

1

Place
Right behind Victoria Falls
Water stream placed between
Victoria Falls and Batoka Gorge
Batoka Gorge
Water stream placed between
Batoka Gorge and a tributary Gwayi
Start point of tributary Gwayi

Features
Consisting a lake1
Possess high volume flow
rates
Large flow entering narrow
streamline

Category
Controlling mainstream flow
Controlling mainstream flow;
Generating electricity

Fast speed

Irrigation

—

Controlling tributary stream flow

Irrigation

We do not take hydropower plant in this plot into account when we consider the site selection of new dam, for its
generation of electricity is closely connected with the Falls rather than with newly-put plant.
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14

Start point of tributary Sanyati

15

Around Lake Kariba

—
Possess massive amount of
water storage
Acquire massive amount
output flow

Controlling tributary stream flow
Irrigation;
Generating large amount of electricity
Supplying Bulawayo’s daily water use

Denpending on our calculation concerning Dam Groups’ efficiency and according to each
position’s diversed function requirement, we can further classify each spot so as to make
dam-building in each spot more efficient.
With the analyze listed behind, we arrange the dam system in this way:

Place

Number
of Dam
Group(s)

General
Dam
Number in
the spot

1

2

1

1

No.

Color

1

Red

2

Orange

3

Yellow

The start of
Batoka Gorge

1

1

4

Green

The start of
tributary Gwayi

2

2(1+1)

5

Cyan

The start of Lake
Kariba

1

1

6

Blue

274.1km from the
start of Lake
Kariba

3

3(1+1+1)

7

Purple

Original position
of old Kariba
Dam

1

2

Under the foot of
Victoria Falls
(1-2km)
30km below the
foot of Victoria
Falls

Functions

1.
2.

12

Irrigation use;
Moderate flow rate

1. Generate electricity;
Moderate upcoming river’s volume
which enters the gorge
1. One standing in the main stream, for
irrigation use;
2. Another standing at the start of tributary
Gwayi, moderating its flow rate
2.

1.
1.

Tota
l

1. Moderate lower flow rate;
Store water in case of drought situation

2.

Moderate income flow rate of the lake;

One uses for supplying city Bulawayo’s
water usage;
2. One for irrigation use;
3. One for moderating the flow rate in the
last section of Lake Kariba
1. Generate electricity;
2. Moderate flow rate in case water would
join with tributary Kafue and cause
serious flood
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b. Mainstream Planning
There are 5 node points settled on the mainstream. Based on the former design
pattern, we can simplify the actual model like this:

"Ii,k" refers to the general water volume stored between Dam i and Dam k
(1 i<k 7).
We still continue to use the sub-model 3 to deduce changes of variables as for
the whole Dam system.

According to analysis listed above, we can acquire an equation based on this
model:
1
S2

1
A12

1 f2
t
g
A2 F ……………………………(1)
Using the relation of I and F, we can acquire another equation as:
1
1
2
S
A12
1
1 2 1 f1 2 1 f 2 2
2
I
(
)t
t
t …………………(2)
g
A1 A2
A1 F
A2 F
F

(

1
A1

1
)t
A2

1 f1
t
A1 F

Further using equation (1)&(2), we can deduce the relation of I and F more
specifically as:
1
I
F t ……………………………………(3)
2
In addition, here is the data acquired from World Bank analysis, from which
we can assume that the average rainfall per month during severe drought season is 8mm,
and 154mm as for flood season.
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The statistics of basic demand as for variables in each water course go on like:
I１(between 1&3) I2(between 3&5)
I3(between 5&6)
I4(between 6&7)
9
3
9
3
9
3
18.27∙10 m
46.53∙10 m
1.68∙10 m
0.8∙109 m3
F(irrigation)
F(Gwayi)
F(Bulawayo)
F(final)
3 -1
3 -1
3 -1
27.52 m ∙s
84 m ∙s
104 m ∙s
1415 m3∙s-1
As the dam system we designed should be able to survive both severe weather
conditions and normal ones, we can set 3 scenarios to examine the capacity of this system.
If the dam could be used well under these circumstances, then it must be as stable as
possible facing whatever possible conditions. Thus, we can measure its stability by
calculating the standard deviation of the water storage volume in each designed water
course. That is to say, we need to calculate the target function of:

XI 1, 3 XI 1

2

XI 3, 5 XI 2

2

XI 5, 6 XI 3

2

XI 6, 7 XI 4

2

4
The small the σ is, the more stable the dam system is.
Using the strategy of dynamic planning, we may assess its stability in a short
period of time (let “t” in equation3 be 1), under these circumstances:
i. Severe drought (when average monthly rainfall is 8mm, if precipitation rate of a river
range is lower than 0.1 m3∙s-1,then it is negligible in calculating I .)
I
F
Ff=1415 m3∙s-1
F6,7=F7=Ff
1
I 6,7
F 7 4.85( precipitation4)
2
F6=F5,6-27.52-104
1
I 5,6
F 6 12.36( precipitation3)
2
F5=F3,5-27.52-84
1
I 3,5
F5
2
F3=F1,3-27.52
1
I1,3
F3
2
F1=F1,3=2750
Each of the previous variables could eventually be transformed into a
single variable F1, using restrained area. By calculation, we can get a result of:
0.1132 .
The result has demonstrated that the dam is quite stable under
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circumstance of drought.
ii. Severe flood (when average monthly rainfall is 154mm.)
I
F
Ff=1415 m3∙s-1
F6,7=F7=Ff
1
I 6,7
F 7 93.4( precipitation4)
2
F6=F5,6-27.52-104
1
I 5,6
F 6 237.95( precipitation3)
2
F5=F3,5-27.52-84
1
I 3,5
F 5 0.775
2
F3=F1,3-27.52
1
I1,3
F 3 0.369
2
F1=F1,3=350
Each of the previous variables could eventually be transformed into a single
variable F1, using restrained area. By calculation, we can get a result of:
0.0336
The result has demonstrated that the dam is quite stable under circumstance of
flood.
When the government value the needs for different factor differently (i.e. some
closer to their desired value in exchange for something going further), for example,
when the government needs to store food for the Famine (agriculture favored) or
the government wishes to increase the industrial sector by more (hydropower
plants favored), they could use the AHP (analytical hierarchy process) to
determine the coefficient weighing of each factor by the CP matrix, and minimize
the linear combination of these "standard deviation" after multiplying them
accordingly.
V. Sensitivity Analysis
As our sub-model 1 is the most basic model in constructing the following several
models, it is essential that this model could be stable in various situations, in a word, less
sensible to abrupt changes.
Based on this basic demand, we selected this model to analyze its sensitivity, using
open sluice area and initial depth difference to measure the relative elasticity with the total
time lapse.
Using the former equations listed in sub-model 1, and combining with equation
T(H0)'s differentiated version:
A1 A2
2g
2 H
S
t 2 H0
2
A2
A1 S 2
dT
1
1
dH 0
2g
1
1
H0
A1S
2
2
A1 S
A1 A2
the sensitivity of the model could be calculated as:
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dT H 0
dH 0 T

1
A1 A2
2g
S
2
A2
A1 S 2
1

H0

H0
T

1 A1 A2
2g
S
2
2 A2
A1 S 2

H0
A1 A2
2g
S
H0
A2
A12 S 2
1
2
Demonstrating that the relative change between H0 and T is fixed, which lead to a
weak elasticity between these two factors.
On the other hand, as for the function T(s), from the original formula:
2 H0
T
2g
1 1
A1S
2
2
A1 S
A1 A2
Differentiate T with respect of S,

Applying Sensitivity Formula,

which is only about S, and its effect over H0 totally outruns the effect T has, providing
a positive support on the control over river flow by adjusting sluice open area.
VI. Strengths and Weaknesses
The strength of this model is at its originality and effectiveness in the conclusion
drawn about dam mechanism, either single or multiple dam systems. A fairly direct and
explicit expression is derived for almost every element in a dam system, revealing deep
lessons for dam mechanism. The Time Series is used at its best use at a very proper moment,
while the final model of dynamic programming has a very high elasticity when running into
extremity conditions
The relative weakness of this model is at the predicting process. Weather condition is
naturally a very hard topic to predict due to all of the complex external factors. In this model,
the prediction could only be done within the hydrolytic cycle per year. At the beginning of a
hydrolytic year, which starts around November for Kariba region, there are no enough
information to obtain a whole parabolic curve to predict. The dynamic programming also
need vast number of data.
Currently, our team has one possible solution towards the weather prediction issue,
which is the application of grey forecasting. This method could also allow residual
modification model to make it more accurate, as well as oscillating amplitude which is also
shown in the graph for the rainfall data.
VII. Conclusion
We approach this model by using several effective sub-models to gradually acquire
the pattern of dams, so as to meet the need of our final assessment of dynamic programming.
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During this process, we used Bernoulli Equation to measure the river flow pattern for
the dams, and after having acquired several basic equations concerning various variables, we
used qualitatively Euler’s estimation and quantitatively to analyze the formulas we acquired.
As we have reached a considerable thorough state concerning this topic, our models are quite
successive in aspects of stability, capacity and elasticity. The diversified function of our Dam
System has created `unlimited potential developments to the area, which would possibly
bring Kariba basin a sustainable deve We approach this model by using several effective submodels to gradually acquire the pattern of dams, so as to meet the need of our final
assessment of dynamic programming. During this process, we used Bernoulli Equation to
measure the river flow pattern for the dams, and after having acquired several basic equations
concerning various variables, we used qualitatively Euler’s estimation and quantitatively to
analyze the formulas we acquired. As we have reached a considerable thorough state
concerning this topic, our models are quite successive in aspects of stability, capacity and
elasticity. The diversified function of our Dam System has created `unlimited potential
developments to the area, which would possibly bring Kariba basin a sustainable
development.
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